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homologs of ZipA and FtsA are absent in M. tuberculosis, although the presence of their functional homologs cannot be ruled out. While E. coli FtsX interacts with FtsA and FtsQ, [9] FtsE is known to interact with FtsZ in FtsX-independent manner. [10] The E. coli FtsEX deletion strain displays a lethal division defect in low osmolar growth media, which is partially or fully suppressed by restoring the osmolarity of the medium, [11] or by overexpression of FtsZ, FtsN, or FtsP (SufI) [11, 12] proteins. Although the actual role of FtsEX in cell division is not clear, recent studies have unveiled an unprecedented role of FtsEX in the latter stages of cell division. FtsE-FtsX complex regulates the cell wall hydrolases at the division site in E. coli [13] and M. tuberculosis. [14] In this study, we show that MtFtsX interacts with MtFtsZ and thus probably playing the role of the membrane anchor for the cytokinetic Z-ring at mid-cell site.
Methods

Cloning of MtftsE, MtftsX and MtftsZ genes
The genes were polymerase chain reaction (PCR) amplified from either genomic DNA of M. tuberculosis H 37 Ra or MTCY270 cosmid (kind gift from Stewart Cole) and were individually cloned in expression as well as in two-hybrid vectors. The recombinant plasmid pBAD33-MtftsE was generated by mobilizing XbaI fragment of MtftsE along with ribosome binding site (RBS) from pET20b-MtftsE [15] into pBAD33 [16] at XbaI restriction site. The MtftsX gene amplified by PCR using primers MtftsX1 and MtftsX2 was cloned in phosphate-buffered saline (PBS) (KS) at BamHI and XbaI restriction sites. After sequencing to rule out any mutation in the open reading frame (ORF), the gene MtftsX was subcloned under T5 promoter in pQE30 at BamHI and SacI restriction sites to obtain pQE30-MtftsX. The MtftsZ gene was cloned in pET20b (+) at EcoRV and NotI restriction sites to obtain recombinant plasmid pET20b-MtftsZ. Subsequently, the plasmid was digested with XbaI restriction enzyme to release 1.28 kb fragment. The fragment containing MtftsZ gene and an RBS upstream of it was later cloned at the XbaI site in pBAD33, [16] to obtain pBAD33-MtftsZ.
For the in vivo interaction studies using bacterial two-hybrid system, the genes were cloned in pT18 and pT25 vectors. [17] MtftsX gene was PCR amplified from M. tuberculosis H 37 Ra genomic DNA, using MtXpT18/25f and MtXpT18/25r primers, and cloned in pT18 or pT25 vector at KpnI/HindIII or BamHI/KpnI restriction sites, respectively, to generate pT18-MtftsX and pT25-MtftsX. The recombinant plasmid pT25-MtftsE was obtained from pT25-MtftsEX by digesting the latter with KpnI and SmaI restriction enzymes to remove MtftsX gene. The vector backbone harboring MtftsE gene was end-filled and ligated. However, the recombinant plasmid pT18-MtftsE was obtained by cloning MtftsE gene amplified from M. tuberculosis H 37 Ra genomic DNA using MtEpT18/25f and MtEpT18/25r primers into pT18 at KpnI and HindIII restriction sites. The MtftsEX ORF was PCR amplified from M. tuberculosis H 37 Ra genomic DNA using primers MtEpT18/25f and MtXpT18/25r and cloned into pT25 at BamHI and KpnI restriction sites. Similarly, the MtftsZ gene amplified from MTCY270 cosmid DNA using the primer pairs MtZpT25f and MtZpT25r and MtZpT18f and MtZpT18r was cloned in pT25 and pT18 vectors, [17] respectively, at the corresponding BamHI/KpnI and KpnI/XhoI sites, respectively, to generate pT25-MtftsZ and pT18-MtftsZ recombinant plasmids. pT18-Zip and pT25-Zip and pT18 and pT25 [17] were used as the positive and negative controls, respectively. The primer sequences are given in Table 1 and the plasmids generated in this study are listed in Table 2 . All the clones generated in this study were sequenced on both the strands to rule out any point mutation in the ORFs. For all the PCRs, Pfu DNA polymerase (Promega) was used. T4 DNA polymerase and (NEB) T4 DNA ligase (NEB) were used in end-filling and ligation reactions, respectively. The recombinant plasmid pET-MtftsZ-PFH was generated by replacing Hnef in pET-Hnef-PFH [18] (a kind gift from Zhao, LJ) by MtftsZ.
Bacterial two-hybrid assay
Bacterial two-hybrid analysis was carried out by streaking the adenylate cyclase deficient (cya -) E. coli strain, DHP1, and harboring recombinant two-hybrid vectors expressing T18 and T25 fusions of fts genes of various combinations or Zip fusions (positive control) or empty vectors (negative control) on MacConkey agar plates containing 1% maltose. The plates were incubated for 24-30 h at 30°C. The pink color of the bacterial streaks indicates that the two proteins interact, whereas the streak that does not produce pink color indicates that the two proteins of interest do not interact. Plates were scanned, and Adobe Photoshop was used to adjust the brightness and contrast of the images.
Ni
2+ -nanoparticle tracking analysis-agarose pull down, co-immunoprecipitation, and western blotting For Ni
2+
-nanoparticle tracking analysis (NTA), pull-down and co-immunoprecipitation (Co-IP) experiments, the whole cell lysates were used. In brief, E. coli cells harboring pQE30-MtFtsE and pBAD33-MtFtsZ grown to an O.D 600 of 0.4-0.6 at 37°C were induced with 1 mM IPTG and 0.1% arabinose, respectively, for 1 h. Cells were harvested by centrifugation and lysed by sonication in ice-cold lysis buffer (50 mM Hepes-KOH, pH 7.7, 50 mM KCl, and 1 mM PMSF) and the suspension thus generated was subjected to centrifugation at 10,000 rpm. The cell debris (pellet) was discarded and the supernatant fraction (whole cell lysate) was saved at -80oC for further use. The samples were maintained at 4°C throughout lysis and centrifugation.
For Ni
2+
-NTA pull-down experiments, the Ni 2+ -NTA agarose beads incubated with whole cell lysates for 30 min at 4°C were washed thrice with the 500 µl ice-cold lysis buffer. Subsequently, the beads were boiled in 1 × sample loading buffer for 5 min in a boiling water bath and loaded on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. For Co-IP, the whole cell lysates were incubated overnight with appropriate primary antibodies (1:100 dilution) at 4°C. Subsequently, protein A-sepharose beads were added and incubated further for 3 h under similar conditions. The protein A-sepharose beads were washed thrice with 500 µl each of ice-cold lysis buffer. After boiling the beads in 1 × sample buffer, the samples were fractionated on 10% SDS-PAGE. After fractionation, the proteins were transferred to polyvinylidene fluoride membrane for western blotting. The membrane was blocked for 2 h with 1x PBS buffer containing 0.2% Tween 20 and 5% skimmed milk. After blocking, the membrane was further incubated for 2 h with primary antibodies specific to the protein of interest. The anti-MtFtsZ and anti-MtFtsE polyclonal antibodies were used at 1:10,000 dilution, whereas anti-polyhistidine monoclonal antibodies were used at 1:3000 dilution. The membrane was washed thrice with 1x PBS containing 0.2% Tween 20 and incubated with appropriate secondary antibodies of either horseradish peroxidase (HRP)-conjugated anti-rabbit immunoglobulin G (IgG) or HRP-conjugated anti-mouse IgG antibodies for 2 h. Both the antibodies were used at 1:10,000 dilution. After three washes with 1x PBS containing 0.2% Tween 20, the blot was developed using enhanced chemiluminescent detection system (Sigma). 
results
MtFtsX interacts with MtFtsZ ex vivo
MtFtsX interacts with MtFtsZ in vivo
To verify the interaction of MtFtsX with MtFtsZ in vivo, we took advantage of bacterial two-hybrid system, which is based on the reconstitution of signal transduction pathway in adenylate cyclase deficient (cya) E. coli strain (DHP1). [17] MtFtsZ and MtFtsX were expressed as fusion proteins of T18 and T25 fragments of adenylate cyclase. Interaction of T18 and T25 fragments causes functional complementation of adenylate cyclase. As a result, the DHP1 colonies will appear pink on MacConky agar plate. The DHP1 cells expressing MtFtsX-T18 and T25-MtFtsZ fusion proteins appeared as pink colonies on MacConkey agar plate [ Figure 2a ], suggesting that the MtFtsZ and MtFtsX proteins interact with each other. Surprisingly, the reciprocal fusion proteins, namely, T25-MtFtsX and MtFtsZ-T18 did not interact [ Figure 2a ]. It indicated that the blocking of C-terminus of MtFsZ abolished its interaction with MtFtsX, which is in agreement with the fact that C-terminus of MtFtsZ is involved in interaction with other cell division proteins, like ZipA in E. coli. [19, 20] Dysfunction of the T25-MtFtsX cannot be the reason for noninteraction of T25-MtFtsX with MtFtsZ-T18 as the same fusion protein is interacting with MtFtsX-T18 [ Figure 2b ]. Moreover, the nonstability of the MtFtsZ-T18 was also ruled out, as the fusion was found intact when coexpressed with T25-MtFtsX in the DHP1 cells [ Figure 3 ]. No interaction was observed between T18 and T25 fragments of adenylate cyclase [ Figure 2a and b] as expected, whereas the positive control Zip fusions of T18 and T25 interacted as expected. 
MtFtsX interacts with MtFtsE in vivo
FtsX is predicted to be the membrane component of the ABC transporter type protein complex FtsE-FtsX. Earlier, by pull-down assays, we showed that MtFtsX interacts with MtFtsE. [15] In the present study, we wanted to know whether these proteins interact in vivo. The bacterial two-hybrid system confirmed that MtFtsX-T18 and T25-MtFtsE interacted very well in vivo [ Figure 2b] . Surprisingly, the reciprocal protein fusions (MtFtsE-T18 and T25-MtFtsX) did not interact [ Figure 2b ]. One possibility could be the instability of the fusion protein, MtFtsE-T18. Western blotting of the whole cell lysate of DHPI coexpressing MtFtsE-T18 and T25-MtTtsX ruled out this possibility as the MtFtsE-T18 fusion was intact [ Figure 3 ]. However, the intactness of the T25-MtFtsX fusion-proteins could not be ascertained due to the lack of antibodies against MtFtsX protein. We believe that the T25-MtFtsX fusion would be intact and functional, as it interacted very well with MtFtsX-T18 [ Figure 2b ]. However, blockage of interaction due to the presence of fusion partner T18 at the C-terminus of MtFtsE or T25 on the N-terminus of MtFsX cannot be ruled out.
Earlier, we showed that the MtFtsE and MtFtsX exist as a complex on the membrane of mycobacterial cells. [15] Therefore, we were curious to know whether MtFtsE, independent of MtFtsX, would interact with MtFtsZ. Pull-down assays did not detect any interaction between MtFtsE and MtFtZ (data not shown). Bacterial two-hybrid system analysis also did not detect any interaction between MtFtsE and MtFtsZ, even when reciprocal T18 and T25 fusions of MtFtsE and MtFtsZ were expressed in DHP1 cells [ Figure 2a ]. We did not attempt to examine the interaction of MtFtsE with MtFtsZ independent of MtFtsX, as it is not in the scope of this study.
dIscussIon
FtsZ, the eukaryotic tubulin homolog and highly conserved protein across diverse bacterial genera, localizes to the mid-cell site during bacterial cell division to initiates septum formation by forming cytokinetic Z-ring. FtsZ, being the cytosolic protein, needs additional factors to tether and stabilize Z-ring. In E. coli, FtsA (the actin homolog) and FtsA stabilize the Z-ring. Several other FtsZ-interacting proteins, namely, ZapA, SepF, EzrA, etc., have been identified in E. coli and B. subtilis. [21] [22] [23] The absence of these proteins in M. tuberculosis raises the question as to how Z-ring in M. tuberculosis is tethered to membrane and stabilized. In E. coli, the FtsEX complex, which is predicted to be the ABC transporter, is recruited relatively early to the divisome. [8] FtsE is the nucleotide-binding domain, while FtsX encompasses the transmembrane domain of the complex. Recruitment of FtsX to the mid-cell site is accomplished by interaction with FtsA and FtsQ, [8] while FtsE interacts directly with the FtsZ. [10] In M. tuberculosis, we have earlier shown that MtFtsE and MtFtsX exist as a complex in the membrane, although their precise subcellular localization is not yet known. Since the proteins, which stabilize the Z-ring at mid-cell site, are lacking in M. tuberculosis, we believe that MtFtsEX complex might interact with MtFtsZ and thus could probably tether and stabilize septal Z-ring. In support of this hypothesis, we showed that MtFtsX interacts with MtFtsZ. Further, bacterial two-hybrid interaction studies revealed that C-terminus of MtFtsZ is involved in interaction with MtFtsX, which is in agreement with the fact that several regulatory proteins interact FtsZ at its C-terminus in other bacterial systems. FtsW believed to bridge cell division and septal peptidoglycan synthesis in M. tuberculosis interacts with FtsZ at its C-terminus. [24] FtsA of Caulobacter crescentus, [25] ZipA and ZapD of E. coli, [26] and SepF [22] and EzrA of B. subtillis [21] interact with their cognate FtsZ at its C-terminus.
FtsE and FtsX exist as a complex in the membrane of E. coli cells. [27] Although FtsX does not interact directly with FtsZ, [9] it remains associated with the later through interaction with FtsE. [10] Contrary to this, MtFtsE in M. tuberculosis remains associated with MtFtsZ through interaction of the latter with MtFtsX (this study). These results imply that the FtsEX complex interacts with FtsZ either through FtsE or FtsX. Homologs of FtsA and ZipA being absent in M. tuberculosis [1, 28, 29] suggest that the direct interaction of MtFtsX with MtFtsZ might serve the purpose of stabilization of septal Z-ring in M. tuberculosis, which needs further investigation. The role of FtsX in cell division has begun to unveil. Its interaction with MtFtsZ in M. tuberculosis and the regulation of cell wall hydrolases and their regulators in diverse bacterial genera, namely, M. tuberculosis, E. coli, and S. pneumonia, [13, 14, 30] suggest that the ubiquitous transmembrane component FtsX of the divisome links the cytokinetic ring with the PG hydrolysis during bacterial cell division. 
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